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Abstract—Power converter is a crucial feature in switched reluctance motor (SRM) drives, and is also a vulnerable part most prone to failures. In this paper, a new diagnosis scheme for SRM converter faults is proposed by using the wavelet packet decomposition (WPD) with a single dc-link current sensor. The open- and short-circuit faults of the power switches in an asymmetric half-bridge converter are analyzed in details. In order to obtain the fault features from the phase currents, two pulse width modulation (PWM) signals with phase-shift modulation are injected into the lower-switches in the converter for the excitation current detection, and the WPD algorithm is implemented to the detected currents for fault diagnosis. Moreover, a discrete degree of the wavelet packet node energy is proposed to be the fault coefficient. The converter faults can be diagnosed and located directly by determining the changes of the discrete degree from the detected currents. The proposed scheme requires only one current sensor in the dc link compared to other methods that using individual sensor in each phase leg or additional devices. The experimental results carried out on a three-phase SRM are presented to confirm the effectiveness of the proposed fault diagnosis scheme.
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I.	Introduction
In recent years, switched reluctance motors (SRMs) have been attracting more and more attention due to their outstanding feature of no relying on permanent magnetics which are fabricated from rare-earth materials of neodymium and dysprosium. The SRM has a simple and rugged structure without the windings and magnetics on the rotor, and it has the advantages of high efficiency, low cost, and high reliability [1]-[4]. Hence, it is suited for high-speed and safety-critical applications [5], [6]. The SRM is also considered as a competitive solution for electric propulsion in electric vehicles (EVs) and hybrid electric vehicles (HEVs) [4], [7]-[10]. 
It is known that SRM drives are fault-tolerant by their nature [11]-[13], but not fault free. The converter/inverter is a crucial feature in motor drives and the power switches are the most susceptible parts to failures, especially in harsh environments. In reality, the open- and short-circuit faults of the power switches are the most common failures [14]-[16], which lead to a serious impact on the system performance. Although the SRM can keep running if a phase leg has a breakdown caused by a failure in the power switch, the electromagnetic and mechanical behavior are seriously deteriorated, and the rotor is subjected to the unbalanced force, presenting a poor torque capability and torque ripple. 
Some advanced technologies have been proposed in [17]-[21], to identify the open- and short-circuit faults for different drives including brushless dc (BLDC) motor, permanent-magnet synchronous motor (PMSM), and induction motor (IM) drives. In [17], the wavelet transform is used to extract the diagnostic indices from the dc-link current waveform under open-switch conditions for BLDC motor drives. An online fault diagnosis method for BLDC motor inverter with buck dc–dc converter is proposed in [18], by the residual signals of the voltage observers, which can detect both open- and short-circuit faults for a single power switch. In [19], model reference adaptive system techniques are employed in PMSM inverters to detect an open-circuit fault in a power switch. A reliable diagnostic method for open-circuit fault in the closed-loop controlled PMSM drives is presented in [20], based on current residual vector. In [21], a simple diagnosis method for single-switch and double-switches open-circuit faults is proposed for pulse width modulation (PWM) voltage-source inverters in vector controlled IM drives.
For SRM, the electrical faults of SRM drives are classified in details in [22], and several remedial strategies are also presented. The artificial neural networks (ANNs) and evolutionary algorithms (EAs)-based model [23] and the ANNs and genetic algorithms (GAs)-based model [24] are employed to predict the performance of prototype SRM drive under normal and faulty operating conditions. In [25], a single current sensor scheme by monitoring the chopped bus current and a dual current sensors scheme by detecting the upper freewheeling bus current and excitation bus current are proposed and compared in details for power switch fault in SRM drives. The work proposed in [26] presents a new fault diagnostic technique for an open and a short-circuit fault in a power switch in SRM drives, based on the error of measured dc-link current and estimated dc-link current that calculated from phase currents. However, one extra current sensor is also needed in addition to the phase current sensors, which increases the cost and volume of the drive. In [27], a novel diagnostic method for open- and short-circuit faults of the SRM converter is proposed, based on the calculation of the errors between the average values of the phase currents. 
Accurate fault diagnosis requires accurate current tracking in a motor drive. Conventionally, individual current sensor is installed in each phase leg to detect the phase current for fault diagnosis. In order to reduce the cost and volume of the motor drive, some new technologies [28]-[32] that using a single dc-link current sensor are proposed to reconstruct the phase current from the dc-link current. A tristate PWM technique is employed in [28] to reconstruct the phase current of IM drive using dc current information. In [29], a new phase current reconstruction method for PMSM servo inverters using a single dc-link current sensor is proposed, by applying phase-shifts to the switching-state waveforms, leading to less impacts on the output current ripples and switching losses. A new algorithm using a single dc-link current sensor to reconstruct all three inverter phase currents is proposed in [30], by applying additional active voltage vectors for brief intervals during each fundamental frequency cycle. A voltage injection method of phase current reconstruction from dc-link current is presented in [31] for PWM inverters. In [32], a six-phase current reconstruction scheme with a single dc-link current sensor for dual traction inverters is proposed, by using an advanced phase-shift scheme for all PWM signals based on the sequence of duty cycles.
This paper proposes a new fault diagnosis scheme using (wavelet packet decomposition) WPD algorithm with a single dc-link current sensor on the basis of the traditional SRM driving topology. It employs the discrete WPD because of its better frequency resolution and localization. The open- and short-circuit faults of the power switches in an asymmetric half-bridge converter are analyzed in details. In order to achieve a compact and cost-effective motor drive, a current detection scheme using a single current sensor in the dc link is proposed. Two phase-shifted PWMs with the same frequency and duty-cycle are injected simultaneously into the lower-switch of each phase leg for excitation current detection. Furthermore, a discrete degree of the wavelet packet node energy is proposed as the fault coefficient to diagnose and locate the faults. The proposed scheme requires only one current sensor in the dc-link without any hardware investment. The experiments carried out on a three-phase 12/8-pole SRM are presented to confirm the effectiveness and implementation of the proposed fault diagnosis scheme.
II.	Fault Analysis for Power Switches in the Converter
A. SRM Drive
Fig. 1 shows the 12/8-pole SRM drive system for one phase leg. The current detection is very important to diagnose the fault that occurred in the system to implement protections. A conventional asymmetric half-bridge converter is usually employed in the SRM drive, due to its phase isolation, excellent stability and fault tolerance performance. Power converter is a crucial feature in SRM drives, and the power switches are a vulnerable part most prone to failures.
Considering the switching loss, it usually adopts a soft-chopping mode that the upper-switch chops and the lower-switch remains closed in the phase turn-on region [25]. There are mainly three operation modes for the converter, as shown in Fig. 2. When the switch S1 is on and S2 is off in the phase turn-on region, the current is applied to phase A winding immediately, and the phase leg works in the excitation mode, as shown in Fig. 2(a). When S1 is off and S2 is on, the phase A current is in a zero-voltage-loop (ZVL), and the phase leg works in the freewheeling mode, as shown in Fig. 2(b). When S1 and S2 both shut off in the phase turn-off region, the phase current flows back to the power source through diodes D1 and D2, and the phase leg works in the demagnetization mode, as shown in Fig. 2(c).

Fig.1. 12/8-pole SRM drive system for one phase leg.
        
(a)                                       (b)                                      (c)
Fig. 2. Operation modes of the converter. (a) Excitation mode. (b) Freewheeling mode (ZVL). (c) Demagnetization mode
A speed-controlled closed-loop SRM drive with voltage-PWM regulation scheme is shown in Fig. 3. The speed error is processed by a speed controller, such as a proportional integral (PI) controller. The motor speed is obtained from a speed calculator using an encoder to detect the rotor position. The turn-on and turn-off angles (θon and θoff) are determined by the position detector to control the phase commutation. The phase voltage is the control issue, which is addressed by the voltage controller. The PWM duty-cycle is regulated by a PWM generator according to the instantaneous speed. 

Fig. 3. Control diagram for SRM drives.
B. Open-Circuit Fault
No matter the open-circuit fault occurs in upper-switches or lower-switches, the system will both work in the phase absence state. The average electromagnetic torque under healthy conditions is given by
                    (1)
where m is the phase number, Nr is the number of rotor poles, θ is the rotor angular position, i is the phase current, and Te(θ,i) is the phase instantaneous torque depending on the rotor position and phase current.
When one phase leg is under open-circuit fault, the faulty phase loses excitation and other phases can still operate normally, due to the phase isolation of the converter. The average electromagnetic torque under this state can be expressed as
                                 (2)
In a closed-loop system, the currents of other normal phases will be increased to compensate the torque output, due to the adjustment of the speed controller. However, the unbalanced phase currents increase the torque ripple and the load capacity is also reduced considerably.
C. Short-Circuit Fault
When the lower-switch S2 is short-circuited, the only freewheeling mode is illustrated in Fig. 4(a); when the short-circuit fault of upper-switch S1 occurs, the only freewheeling mode is illustrated in Fig. 4(b). Both in Fig. 4(a) and (b) fault conditions, the corresponding phase current in the phase turn-off region is in a ZVL.
               
(a)                                                        (b)
Fig. 4. Short-circuit fault condition. (a) S2 short-circuit. (b) S1 short-circuit.
In healthy condition, the voltage equation of phase A in the phase turn-on region is given by
      (3)
where D is the PWM duty-cycle, Udc is the dc-link voltage, Ra is the phase A winding resistance, ia is the phase A current, θr is the rotor position, La(θr,ia) is the phase A winding inductance depending on the rotor position and phase current, and ωr is the rotor angular speed. 
When S2 is short-circuited, in the phase turn-on region, the voltage on phase A winding still can be modulated normally by the PWM signal in S1, and phase A leg still can be controlled freely; whilst, in the phase turn-off region, S1 is turned off and phase A current is in a ZVL though D2 by force, the phase A current cannot flow back to the power source, and the demagnetization current cannot decrease to zero, which will cause the phase current applying in the inductance descending region. The negative torque is generated according to 
                             (4)
In this state, the torque ripple is increased due to continuously generated negative torque.
When S1 is short-circuited, in the phase turn-on region, the PWM-voltage control scheme cannot be implemented by S1, the voltage on phase A winding is the dc-link voltage, and the phase currents are more unbalanced compared to S2 short-circuited state. The voltage equation can be expressed as 
     (5)
Similarly, in the phase turn-off region, S2 is turned off and phase A current is in a ZVL though D1 by force, the phase current cannot flow back to the power source, which also causes the phase current applying in the inductance descending region and increases the torque ripple.
III.	Proposed Current Detection and Fault Diagnosis Scheme From DC-Link Current 
A. Phase Current
Fig. 5 shows the relationship between the phase currents and switching states. In the figure, ia, ib, and ic are the phase A, phase B and phase C currents, respectively; S2, S4, and S6 are the drive signals for the lower-switches of phase A, phase B and phase C, respectively; θ1, θ4 and θ5 are the turn-on angle, turn-off angle, and current ending angle of phase B respectively; θ2 is the turn-off angle of phase A; and θ3 is the turn-on angle of phase C. 

Fig. 5. Relationship between the phase currents and switching states.
Region I and III are both the excitation current overlapped regions; hence, the dc-link current in this region is the sum of the overlapped excitation currents. In Region II, there are excitation current of phase B and demagnetization current of phase A contained in the dc-link current. In Region IV, the dc-link current contains both the demagnetization current of phase B and excitation current of phase C. If the demagnetization currents are all removed from the dc-link current, only excitation current of phase B is contained in the dc-link current in Region II, and only excitation current of phase C is contained in the dc-link current in Region IV. Hence, the dc-link current without the demagnetization current contained in the rotor position region of θ1-θ5 can be expressed as
                       (6)
B. Proposed Excitation Current Detection Scheme Using a Single DC-Link Current Sensor
Conventionally, a current sensor is used in each phase winding to detect every phase current, as shown in Fig. 6. However, the used current sensors inevitably add the cost and volume to the motor drive. In order to obtain a compact and cost-effective system, a dc-link current sensor installing strategy is proposed in Fig. 7. All the negative poles of the diodes are connected together to the cathode of the power supply, the positive poles of the diodes are connected together to the cathode of the power source, and all the sources of the lower-switches are also connected together though a dc-link current sensor to the cathode of the power source. The proposed topology only has the excitation and freewheeling modes across the dc-link current sensor, without the demagnetization current of each phase contained in the proposed dc-link current.

Fig. 6. Conventional current sensor installing strategy.

Fig. 7. Dc-link current sensor installing strategy.
The switching functions of the converter are defined as 
                  (7)
According to the phase currents and switching functions, the dc-link current can be expressed as 
                          (8)
In order to obtain every excitation currents from the dc-link current, a phase-shifted PWM injection method is proposed and the PWM injection mode is shown in Fig. 8. For example, PWM_1 is injected into the lower-switch of phase B in the overlapped region of phase A and phase B, and one A/D converter channel, A/D_1, is triggered in the PWM_1 pause middle to detect the excitation current of phase A from the dc-link current. Similarly, PWM_2, shifted by tshift from PWM_1, is injected into the lower-switch of phase A in the overlapped region of phase A and phase B, and another A/D converter channel, A/D_2, is triggered in the PWM_2 pause middle to detect the excitation current of phase B from the dc-link current. Hence, the excitation current of each phase in the phase turn-on region can be completely obtained by follows:
  (9)
(10)
(11)
where S2, S4 and S6 are the drive signals before the two PWMs injection, ia_re, ib_re and ic_re are the reconstructed phase currents for phase A, phase B and phase C; idc_PWM1 and idc_PWM2 are the measured dc-link currents with PWM_1 and PWM_2 injections in the pause middle of the PWMs in Region I and III, respectively; and idc is the sampled dc-link current without any PWM injection in Region II.

Fig. 8. PWM injection mode.
The frequencies and duty-cycles of the injected PWMs should be set both large enough to ensure a high sampling precision for the excitation current detection and small impact on the actual phase current. However, considering the sensing tolerance of the current sensors, the maximum duty-cycle should be limited to allow a sufficient measurement time [33].
C. Discrete Degree of the Wavelet Packet Node Energy
WPD is an extension of the wavelet transform achieved by generalizing the link between multiresolution approximation and wavelets [34].  The algorithm is to decompose one node into two nodes step by step, i.e., subdividing the whole frequency band of the sampled signal into small segments, as shown in Fig. 9. Obviously, if the decomposition level is l, the number of the nodes after decomposition is 2l. 

Fig. 9. Diagram of the WPD.
The wavelet packet algorithm includes the decomposition and reconstruction for the wavelet packet coefficients. The decomposition algorithm for the coefficients is obtained by
	                   (12)
where dlj,n, dkj1,2n, and dkj1,2n1 are all the wavelet packet coefficient, and h0(2lk) and h1(2lk) are the low-pass and high-pass filter coefficients for decomposition, respectively.
The reconstruction algorithm for the wavelet packet coefficients is deduced as
	    (13)
where g0(l2k)、g1(l2k) are the low-pass and high-pass filter coefficients for reconstruction, respectively.
For instant, if the decomposition level is five, the number of the obtained nodes is 32 after the wavelet packet algorithm calculations. Hence, the frequency band of the sampling signal is subdivided into 32 small segments. The wavelet packet coefficient of each node on the fifth level can be calculated from (12) and (13). The energy of node j on the fifth level can be given by
         (14)
where dj,k (j0,1,,31; k1,2,,n) is the wavelet packet coefficient for the reconstructed signal S(5,j).
Hence, the discrete degree of the node energy can be expressed as
                   (15)
where Eav is denoted as
	                        (16)
where E(5,n) is the energy of node j on the fifth level, k is the selected number of the nodes, and Eav is the average of the nodes energy.
The discrete degree of the wavelet packet node energy is defined as the fault coefficient for fault diagnosis and location of the faulty switch.
D. Comparison of the Proposed Fault Diagnosis Scheme With Other Strategies
The proposed fault diagnosis scheme uses only one current sensor in the dc link, with out any other additional diagnosis circuit and much change to the circuitry. The fault toleration operation can be easily achieved by a PI controller due to the isolation of each phase leg. 
A comparison of the proposed fault diagnosis topology and existing fault diagnosis methods is illustrated in Table I. The proposed method offers a low-cost solution to typical power switch faults with a few mathematical operations, and it has a good robustness to the transient disturbance including the angle modulation and load varying, which will be proved in the following sections.




TABLE I
PROPOSED FAULT-DIAGNOSIS TOPOLOGY COMPARING WITH OTHER FAULT-DIAGNOSIS METHODS




	Proposed method	Paper [23][24]	Paper [25]	Paper [26]	Paper [27]
Current sensors	Single	individual	Two	Individual+1	Individual
Fault diagnosis	Easy	Complicated	Complicated	Easy	Complicated
Fault tolerance	Yes	Yes	Yes	Yes	Yes
Robustness to disturbance	High	Low	Low	High	Low
Circuitry change	Little	No	Medium	No	No
Cost	Low	High	Medium	High	High




IV.	Experiment Verification
The proposed fault diagnosis method is experimentally validated by a 750 W three-phase 12/8-pole prototype SRM. The experimental setup is shown in Fig. 10. The dSPACE-DS1006 control board is used as the main controller to implement the proposed scheme. An adjustable dc power supply is employed in the system to drive an asymmetric half-bridge converter with the voltage set to 60-V. The dc-link current is detected by a Hall-effect current sensor (LA-55P), and simultaneously sampled by a 14-bit A/D converter. For comparisons, three additional current sensors are installed in each phase leg to measure the phase currents. The used IGBTs are IKW75N60T and diodes are IDW75E60, both from Infineon Technologies. Two air switches are applied to emulate the open- and short-circuit faults for power switches.

Fig. 10. Experimental setup.
Fig. 11 shows the block diagram of the implemented SRM drive control strategy. Two PWMs with phase-shift control are injected into the lower-switches to generate the new drive signals for the converter, and the phase currents are detected from the sampled dc-link current though the operational amplifiers. The injected PWMs are running with 10 kHz switching frequency, 95 % duty-cycle, and 50 μs phase-shift time. The rotor position and motor speed are obtained by using an incremental encoder. A PI algorithm is employed in the system to regulate the motor speed for closed-loop control. 

Fig. 11. Block diagram of the implemented SRM drive control strategy.

A. Excitation Current Detection 
Fig. 12 shows the phase current detection in healthy condition at 600 rpm and 1 N·m load. Clearly, in Fig. 12(a), the dc-link current is the sum of the excitation currents. In order to detect phase B current, PWM_2 is injected into the lower-switch of phase A in the overlapped region of phase A and B, and A/D_2 is triggered in the PWM_2 pause middle to sample the excitation current of phase B in this region; and PWM_1 is injected into the lower-switch of phase C in the overlapped region of phase B and C to sample the excitation current of phase B in this region, as shown in Fig. 12(b). PWM_2 and PWM_1 are injected simultaneously into the lower-switches of phase B and C in their overlapped regions, and A/D_2 and A/D_1 should be triggered in PWM_2 and PWM_1 pause middle, respectively, to separate the overlapped excitation currents, as shown in Fig. 12(c). Clearly, due to a large duty-cycle and a high frequency, the turn-off time in a period of the injected PWM is extremely short, which has little impact on the detected current. 
In faulty conditions, the excitation current detection principle also follows that in the normal condition. In Fig. 13(a), the demagnetization current of phase B cannot deplete in a ZVL and the excitation current increases obviously due to the lower-switch S2 short-circuited. However, the voltage can also be regulated in the phase turn-on region and the actual phase A and phase C currents are not affected by the fault in phase B. Fig. 13 (b) shows the phase B current detection by employing the PWM injection scheme when the lower-switch S2 is short-circuited. In case of this fault, the demagnetization current of phase B is always contained in the dc-link current, and the detected phase A and phase C currents under PWM injection will both contain the demagnetization current of phase B. When the short-circuit fault occurs in the upper-switch S1, the voltage cannot be regulated in the phase turn-on region, and the demagnetization current of phase B is also in a ZVL in the phase turn-off region, which is much similar to the short-circuit fault in the lower-switch, as shown in Fig. 13(c). However, the detected phase A and phase C currents are not be affected by the fault, which just can be used to distinguish the short-circuit fault in upper-switch or lower-switch. Fig. 13 (d) shows the phase B current detection under PWM injection when the upper-switch S1 is short-circuited.

(a) 

(b)

(c)
Fig. 12. Phase current detection in healthy condition under PWM injection. (a) Healthy condition without PWM injection. (b) Phase B current detection. (c) Dc-link current separation for phase B and phase C currents detection.

(a)

(b)

(c)

(d)
Fig. 13. Phase current detection for short-circuit fault. (a) Short-circuit fault in lower-switch. (b) Phase B current detection when lower-switch is short-circuited. (c) Short-circuit fault in upper-switch. (b) Phase B current detection when upper-switch is short-circuited.
The motor drive will work in the phase leg absence state whether the open-circuit fault occurs in upper-switches or lower-switches. In Fig. 14 (a), phase B current is disappeared when the upper-switch S1 is open-circuited. Hence, there is no detected current in phase B under PWM injection, as shown in Fig. 14(b). The dc-link current is only phase A current in the overlapped region of phase A and B, and only phase C current in the overlapped region of phase B and C. 

(a)

(b)
Fig. 14. Phase current detection for open-circuit fault. (a) Open-circuit fault in upper-switch. (b) Phase B current detection when the upper-switch is open-circuited.
Fig. 15 shows the dynamic speed response and the transient progression of the closed-loop system in faulty conditions. The motor can remain working with the failures due to the phase isolation and fault tolerance characteristics of the SRM drive, and phase A and phase C currents are not affected by the open- and short-circuit faults in phase B leg. As illustrated in the figures, the motor speed is stabilized within 1~2 current fundamental period and follows the given values well regardless of the open- and short-circuit faults, due to the employed PI algorithm, which ensures a fast and accurate detection for the steady-state currents. 

(a)

(b)

(c)
Fig. 15. Transient response of the closed-loop system in faulty conditions. (a) Open-circuit fault in lower-switch. (b) Short-circuit fault in lower-switch.  (c) Short-circuit fault in upper-switch.

B. Fault Coefficient Extraction
The WPD algorithm is used for fault coefficient extraction, due to its better frequency resolution and localization. The orthogonal mother wavelet “db3” are selected to implement the WPD algorithm to the sampled currents. In order to make an accurate division of the frequency band to ensure the analysis precision, five-level decomposition is selected. Considering that the nodes after five-level decomposition are too many and the nodes energy is more concentrated in the low-frequency band, the first eight nodes are used to extract the fault features to reduce the computational complexity. Table I shows the frequency bandwidth and corresponding node for the first eight nodes, where f is the nyquist frequency, i.e., half of the current sampling frequency. 
TABLE I.  Frequency Bandwidth and Corresponding Node
Bandwidth	Node	Bandwidth	Node
(0,f/32)	(5,0)	(f/8, 5f/32)	(5,6)
(f/32,f/16)	(5,1)	(5f/32, 3f/16)	(5,7)
(f/16,3f/32)	(5,3)	(3f/16, 7f/32)	(5,5)
(3f/32,f/8)	(5,2)	(7f/32,f/4)	(5,4)
Fig. 16 presents the discrete degree before and after the short-circuit faults at different speeds. In Fig. 16(a), curve a is the discrete degree of phase B current under healthy condition; and curves b, c, and d are the discrete degrees of phase B, phase A and phase C currents, respectively, when the upper-switch S1 is short-circuited. In normal operations, the discrete degree decreases when the motor speed is up below 800 rpm and is stabilized around 18 above 800 rpm. However, the value is obviously increased by 32 % at 200 rpm and 66.7 % at 1500 rpm, when the short-circuit fault occurs in the upper-switch, whilst, the discrete degrees of phase A and phase C currents both remain in the normal state, which can be used for the fault diagnosis.
In Fig. 16(b), curve a is the discrete degree of phase B current under healthy condition; and curves e, f, and g are the discrete degrees of phase B, phase A and phase C currents, respectively, when the lower-switch S2 is short-circuited. In this faulty condition, the discrete degree of phase B current is also obviously increased and the value is much similar compared to the upper-switch short-circuited condition. However, the discrete degrees of the detected phase A and phase C currents are both increased, due to the endless demagnetization current of phase B in the lower ZVL, which just can be used to distinguish the short-circuit fault in upper-switch and lower-switch.
Phase B current is disappeared when the lower-switch S2 is open-circuited; hence, the discrete degree of the nodes energy will sharply drop to zero when the fault happens. Thus, the open-circuit fault can be just diagnosed by judging whether the fault coefficient changes to zero. However, it should be noticed that, for the case of open-circuit faults, due to the specific features of the power converter topology, there could not be able to localize the faulty IGBT if the fault occurs.

(a)                                                        (b)
Fig. 16.  Discrete Degree before and after the faults. (a) Upper-switch short-circuit. (b) Lower-switch short-circuit.

(a)                                                         (b)
Fig. 17. Impact of the load and turn-on angle on the discrete degree of short-circuit fault in upper-switch. (a) Discrete degree under different loads.  (a) Discrete degree under different turn-on angles.
Additionally, in order to investigate the response of the fault coefficient to the disturbances, the investigations for the discrete degree of short-circuit fault in the upper-switch under different loads and turn-on angles are presented in Fig. 17. The fault coefficient has a good robustness both to the load and turn-on angle variations; hence, the proposed scheme is much suitable for variable load operation and variable angle modulation systems.
V.	Conclusion
This paper presents a new fault diagnosis scheme using WPD algorithm, with a single dc-link current sensor, which avoids using the individually current sensor in each phase leg and achieves an accurate judgment. The open- and short-circuit faults of the power switches in a conventional asymmetric half-bridge converter are analyzed in details. Two PWMs with the same frequency and duty-cycle under phase-shift modulation are simultaneously injected into the lower-switches to obtain the phase current characteristics from the dc-link current, and a discrete degree of the wavelet packet node energy is presented to be the fault coefficient for fault diagnosis. Compared with the existing methods, the proposed scheme requires only one current sensor in the dc-link without any additional hardware investment and much change to the circuitry. The new current sensor placement strategy offers a low-cost solution to typical power switch faults. The WPD-based one current sensor scheme is found to be accurate and easy to implement in order to provide correct fault diagnosis resulting from different transient disturbances including speed, load and turn-on angle modulations.
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